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Molten Regolith Electrolysis Processing for Lunar ISRU: Financial and Physics Analysis of
SpaceX Starship Transportation
Cheyenne Harper

ABSTRACT

The purpose of the following research is to explore molten regolith electrolysis (MRE)
methodology for in-situ resource utilization (ISRU) of Highlands lunar regolith, to be explored
during the initial Artemis missions. An analysis of potential commercial launch providers for
MRE-equipment based on technology-readiness level (TRL), payload mass support, and $
USD/kg payload price is provided. SpaceX is ultimately proposed as a launch provider of MRE
equipment following multi-factorial analysis, with the SpaceX Starship human landing system
(HLS) variant proposed for supporting MRE payload. Finally, customers of regolith-derived
oxygen, aluminum, and silicon are distinguished to form the business case for operating MRE
equipment on the lunar surface.
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INTRODUCTION

1.1 NOMENCLATURE

AMCM = Advanced Missions Cost Model
CRS = Carbothermal Reduction of Silicates
DDB = Double Declining Balance (Depreciation)
DOE = (US) Department of Energy
EMR = Electromagnetic Radiation
FY = Fiscal Year
HRI = Hydrogen Reduction of Ilmenite
IDIQ = Indefinite Delivery, Indefinite Quantity (in reference to contracts)
ISRU = In-Situ Resource Utilization
JAXA = Japanese Aerospace Exploration Agency
JHCW = Joule-Heated Cold Wall
LEO = Low Earth Orbit
LPM = Lunar Payload Module (in reference to Apollo-era spacecraft)
LROC = Lunar Reconnaissance Orbiter Camera
LRV = Lunar Roving Vehicle
MRE = Molten Regolith Electrolysis
NASA = National Aeronautics and Space Administration
NASA CLPS = NASA Commercial Lunar Payload Services
SLS = Space Launch System
Starship HLS = Starship Human Landing System, variant of Starship launch vehicle
TRL = Technology-Readiness Level
USD = United States Dollar

1.2 ARTEMIS MISSION GOALS
NASA has declared a goal for returning crew to the lunar surface by 2025. Named the
Artemis missions, these will be accomplished with collaboration between government and
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commercial partners. Artemis I is estimated to launch in 2022 and will perform an uncrewed
flight test of the Space Launch System (SLS) and the Orion spacecraft in orbit around the Moon.
Artemis II will perform a crewed flight test of the Space Launch System and the Orion spacecraft
in lunar orbit. Artemis III (and subsequent Artemis missions) will involve landing crew on the
lunar surface, geographically centralized at the lunar South Pole. This includes the southern
Highlands region [1].

Following the Artemis III mission, NASA and its partners will focus on goals for long-term
mission duration and building technological infrastructure to form mission expertise for future
Mars settlements. This infrastructure will include enhanced communications linkage for
astronauts on the Moon to network with each other, with electronic equipment, and with
networks on Earth. A proposed Artemis Base Camp currently has three primary mission
elements: the Lunar Terrain Vehicle to transport astronauts around the base camp and nearby
locations, the habitable mobility platform that will support long-duration missions away from
the Artemis Base Camp, and the foundation surface habitat that will accommodate four crew
on the lunar surface, anchoring Artemis Base Camp, and presence at the South Pole [2]. This
infrastructure will be integral to the development of in-situ resource utilization, discussed in a
subsequent section.
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1.3 COMMERCIAL INDUSTRY INVOLVEMENT FOR IMPROVED CAPITALIZATION
In 1969, when the agency originally launched crew to the lunar surface via the Apollo
missions, there did not exist commercial players in the aerospace industry to encourage
competition. The capability did exist for cross-government and commercial collaboration to
decrease costs and capitalize on technological specialization, but independent commercial
initiatives were small-scale [3]. 85 to 90% of NASA’s budget has been historically allocated to
private contractors, but private contractors – until recently – received close oversight by NASA
authorities and NASA officials were tasked to operate equipment rather than the private
contractors [4]. This is to say that although commercialism existed, endeavors were not
properly independent and privatized, limiting mission specialization. As an example of this lack
of true partnership, the FY 1969 NASA Budget Request mentioned the existence of commercial
partners briefly and only in the research and development section for subsonic aircraft, while
commercial partners are repeatedly highlighted throughout the FY 2022 NASA Budget Request
[5, 6]. While financial figures for commercial partners were not included in the FY 1969 request,
the FY 2022 request includes a specific section for “Commercial LEO Development”. A
requested amount of $101.1M USD was allocated to this commercial section alone. The FY
2022 request also highlights each of the commercial partnership missions that will be launched
between FY 2021 and FY 2025.

The increase of commercial partnership publicity and financial allocations are indicative
of increasing motives by NASA to partner with commercial aerospace firms and capitalize on
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independent specialization. This is in contrast to previous NASA goal-setting that prioritized inhouse development of crew and payload launch vehicles [7]. While the NASA Space Shuttle was
in commission from 1981 to 2011, the average cost of carrying a kg of payload to low Earth
orbit (LEO) remained $54,500 USD/kg. SpaceX’s Falcon 9 launch vehicle, which entered
commission in 2011, lowered the cost of delivering a kg of payload to LEO to $2,720 USD/kg by
2016: a 95% reduction of cost [8].

1.3.1 SPACEX CONTRACT FOR ARTEMIS MISSION PARTNERSHIP
In April 2021, NASA selected SpaceX to develop the first commercial human lander to
carry four astronauts to the lunar surface for Artemis III [9]. The awarded firm-fixed price,
milestone-based contract value totals $2.89B USD. The four Artemis III astronauts selected for
this mission will initially launch on NASA’s Space Launch System rocket aboard the Orion
spacecraft. While in lunar orbit, the astronauts will rendezvous with SpaceX Starship human
landing system (HLS) variant and descend to the lunar surface. Starship HLS has the capability to
support 100,000 kg of payload capacity for lunar missions. This significant payload capacity will
be critical for transport of large pieces of equipment, including for in-situ resource utilization.

4

1.4 IN-SITU RESOURCE UTILIZATION
The concept of utilizing locally available raw materials to create products is called in-situ
resource utilization (ISRU) [10]. Water, oxygen, spacecraft propellant, and building materials
are a few of the categorical usages for raw material processing on planetary bodies such as the
Moon. ISRU will have significant economic impact on future crew missions to the Moon, Mars,
and beyond. In addition, crew will have increased adaptability to craft materials to address
situations such as mechanical degradation of tools and equipment or to fulfill simpler needs,
including those lunar base domestic. As aforementioned, the cost of aerospace missions is
often defined by $/kg; that is, the cost per kg of payload mass to fly on the spacecraft mission.
ISRU contains implications for reducing the mass quantity of flown materials by using available
local materials in construction whenever possible.

1.4.1 AVAILABLE LUNAR MATERIALS FOR ARTEMIS MISSION ISRU
Lunar regolith is defined as the unconsolidated layer of 5 m depth on the lunar Mare
and 10 m depth on the lunar Highlands and is the primary raw material available for ISRU [11].
Quantities of oxygen (41% by mass fraction) and silicon (19% by mass fraction) can be found in
the lunar regolith of the Mare and Highlands. Aluminum (14% by mass fraction) and calcium
(11% by mass fraction) can be found in the Highlands regions of the Moon, while Iron (13% by
mass fraction), magnesium (6% by mass fraction), and titanium (6% by mass fraction) can be
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found in the Mare regions of the Moon [12]. These fractional quantities – all approximated –
are highlighted in Figure 1 and Figure 2.

Figure 1: Bulk Material, Lunar Highlands

Figure 2: Bulk Material, Lunar Mare

The initial NASA Artemis missions will land astronauts at the Highlands-characterized
South Pole region. Oxygen, aluminum, and silicone are the primary materials that can be
extracted from regolith at or near the initial mission sites. Although the Mare region is not a
focus of this literature, the development of the habitable mobility platform allows the
possibility to exist for Mare regolith to be excavated and capitalized upon during subsequent
Artemis missions.

1.5 METHODOLOGIES FOR SEPARATION OF LUNAR METALS FROM OXYGEN

Several unique methodologies have been proposed for the extraction of lunar liquid
oxygen from lunar regolith [13]. Three methodologies in particular are likely candidates for ISRU
6

processing of oxygen: Hydrogen Reduction of Ilmenite, FeTiO3 (HRI), Carbothermal Reduction of
Silicates (CRS), and Molten Regolith Electrolysis (MRE). The first two methodologies and their
mechanical advantages and disadvantages are described within this section. MRE, the third
methodology, is further described in Chapter 2.

HRI involves a two-stage chemical reaction involved with the reduction of ilmenite by
hydrogen:
(1) 𝐹𝑒𝑇𝑖𝑂! + 𝐻" → 𝐹𝑒 + 𝑇𝑖𝑂" + 𝐻" 𝑂
#

(2) 𝐻" 𝑂 → 𝐻" + " 𝑂"
Ilmenite-rich Mare regions provide abundant material for this technique to occur. An HRI
reactor contains three, stacked, fluidized beds. As hydrogen passes upward through the
reactor, ilmenite passes downward and is heated by the top bed of hot hydrogen. The ilmenitederived iron oxides react with hydrogen to form water. Electrolyzation of the H2O forms
system-recycled hydrogen in addition to oxygen byproducts. HRI processing can occur at
relatively low temperature conditions of between 973.15 K and 1,173.15 K, which would
otherwise lend itself to having an advantage over MRE; MRE requires higher-temperature
processing. This method of ISRU is excluded from consideration of ISRU usage for the early
Artemis missions, however; the earlier missions will land astronauts at the lunar Highlands
region.
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CRS involves a three-stage chemical reaction, during which regolith is heated beyond
the point of molten state and then exposed to methane gas. The general chemical formula for
the CRS-process is depicted below, where M indicates a metal:
(1) 𝑀𝑂$ + 𝑥 𝐶𝐻% → 𝑀 + 𝑥 𝐶𝑂 + 2𝑥 𝐻"
(2) 𝑥 𝐶𝑂 + 3𝑥 𝐻" → 𝑥 𝐶𝐻% + 𝑥 𝐻" 𝑂
#

(3) 𝑥 𝐻" 𝑂 → 𝑥 𝐻" + 𝑥 𝑂"
"

Methane gas reacts with silicates to produce carbon monoxide and hydrogen gas, which are
introduced to a nickel catalyst to reform methane and to produce water. Through
electrolyzation, the water then produces hydrogen gas and oxygen. CRS reactors require a solar
concentrator to direct high-intensity solar radiation to a bed of regolith. The regolith sample
bed is partially solidified through the directing of high-intensity solar radiation. Following a predetermined batch time for CRS-processing, the solar radiation is turned off and the oxygendepleted pockets are removed from the sample bed. The downsides of CRS methodology exist
in the complexity of directing solar radiation to the regolith sample bed and the relatively high
operating temperature of 2700 K.

The final methodology, MRE, benefits from the weaknesses of the aforementioned HRI
and CRS methodologies. MRE can separate components of both lunar Highlands and Mare
regolith, in contrast to the Mare-favoring HRI method, while operating with lower temperature
specifications than required by the CRS method.
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1.5.1 METALS EXISTING AS OXIDES, BARRIERS FOR MATERIAL SEPARATION
The approximated bulk quantities of lunar Highlands and Mare material given in Figure 1
and Figure 2 above do not accurately represent the usability of materials extracted from the
Moon. In reality, geologic materials exist as oxides; Highlands-originated lunar metals are
bonded to oxygen in the form of aluminum oxide (Al2O3) and silicon dioxide (SiO2), for example.

The LROC Lunar QuickMap images below visually demonstrate oxide presence on the
Moon. Image 1 is retrieved from the Prospector dataset, indicating the potential presence of
iron on the lunar surface. NASA’s Lunar Prospector orbiter was launched in 1998 for an
approximately 19-month mission to map the composition of the lunar surface and to evaluate
potential evidence of water ice [14]. The half degree iron abundance imagery depicted is
derived from Prospector’s gamma ray spectrometer. Image 2 is retrieved from the Kaguya
dataset, indicating the abundance of iron oxide, FeO, on the lunar surface. JAXA’s
SELENE/Kaguya orbiter was launched in 2007 for a 19-month mission to evaluate the geological
composition of the lunar surface, its geography, and its magnetic field, among other
characteristics [15, 16]. Image 1 and Image 2 together show the correlation of iron presence
and iron oxide presence on the lunar surface. I.e. – the presence of iron indicates the presence
of iron oxides in the same regions.
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Image 1: Iron Abund. (wt%), Lunar Prospector [17]

Image 2: FeO Adund. (wt%), Kaguya [18]

Additionally, Image 3 below depicts Apollo mission-era sample data of oxides, derived
from samples physically extracted from the lunar surface [19]. Olivine (Mg, Fe)2SiO4 from
highland clast-poor melt rocks and crystalline melt breccias was analyzed for chemical
composition by weight percent. The chemical compounds listed on the left of this chart for
Apollo samples – and their affiliated compositions in proceeding columns to the right – show
the nature of lunar material to be bound as oxides rather than as pure elements. The possibility
exists that a pre-process for the later described MRE process will be required during ISRU to
more efficiently separate oxides from their pure oxygen and metal components. The scope of
this potential pre-process, however, is not addressed in this literature.

10

Image 3: Olivine Analyses from Highland Clast-Poor Melt Rocks and Crystalline Melt Breccias [19]
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MOLTEN REGOLITH ELECTROLYSIS

2.1 OVERVIEW OF PROCESS

During the MRE process, extracted lunar regolith is fed into a reactor and heated to
molten state. The mildly conductive state of molten lunar regolith – “molten” defined at a T ≥
1,000 K – undergoes electrolysis, in which two electrodes are placed in the molten regolith and
a voltage is applied to drive a current. Oxygen gas is a product at the anode for both Mare and
Highlands regolith. Metals such as silicon and aluminum are products at the cathode for
Highlands regolith [20].

MRE parametric sizing models suggest that economies of scale exist with equipment
size. For example, optimized models predict that a 400 kg, 14 kW system can annually produce
1,000 kg of oxygen from Highlands regolith. A 1,593 kg, 56.5 kW system can annually produce
10,000 kg of oxygen from Highlands regolith [21].

2.2 MRE SYSTEM POWER REQUIREMENTS, OPERATING TEMPERATURES

To maximize production efficiency of oxygen and produce 10,000 kg of oxygen annually,
the MRE system requires an operating temperature >2000 K for Highlands regolith. More
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specifically, sizing models predict a power requirement of 2.5 kA for an operating temperature
of 2250 K. The power requirement for maximized oxygen production is exorbitant. However,
the US Department of Energy (DOE) is accepting proposals from third party companies to build
a nuclear reactor on the lunar surface within the next decade. Proposals are in the submission
phase for building a reactor to supply upwards of 40 kW of energy on the lunar surface [22].
The scope of this nuclear power supply is not addressed in this literature but contains
significant implications of ISRU power supply support infrastructure for lunar missions.

2.3 THEORETICAL PRODUCTION EFFICIENCIES

Highlands-retrieved lunar regolith will produce different materials than Mare-retrieved
lunar regolith. The visually lighter Highlands region is rich in aluminum, calcium, and silicon,
while the visually darker Mare region is rich in titanium, iron, and magnesium. Regolith from
either region would allow for MRE oxygen production. Production analyses below have been
completed for Highlands-retrieved lunar regolith, as the early Artemis missions will focus on the
southern Highlands region of the Moon. The MRE system is assumed to be in continuous
operation, with a consistent feed of regolith and a steady power supply matching or exceeding
minimal requirements distinguished above.
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For a continuous batch time of approximately 20 hours and a power supply of 56.5 kW,
a 1,593 kW MRE system is modeled to annually produce approximately 10,000 kg of oxygen,
7,500 kg of aluminum, and 5,100 kg of silicon. A smaller quantity – approximately 750 kg – of
iron is expected to be produced from the Highlands regolith, with trace amounts of titanium
product. Image 4 below provides the results of parametric size modeling efforts to distinguish
lunar Highlands products of MRE.

Image 4: Modeled Metal Products for a Highlands Regolith-Processing MRE Reactor [22]

2.4 EXPECTED MECHANICAL DEGRADATION OF MRE SYSTEMS

The significant operating temperatures – ideally at T > 2000 K – and friction of molten
regolith involved with MRE lend to corrosion of system components. It can be expected that
replacement parts, including replacement anodes, should be incorporated into kg payload mass
for mission cost. However, efforts to mitigate systematic damage should be made wherever
14

possible. Two potential solutions to mitigate damage are described below: joule-heated cold
wall operation of MRE systems and the employment of a sacrificial anode.

2.4.1 JOULE-HEATED COLD WALL OPERATION

Joule heating is defined as a process during which supplied current is converted to
thermal energy as the current passes across resistance (I2R). For a MRE system, the supplied
current passes through resistive molten regolith, generating heat within the reactor. A jouleheated cold wall (JHCW) operation can structurally mitigate thermal and frictional damage to
the system’s MRE reactor walls. To implement a JHCW operation, molten regolith centralized
within the reactor is surrounded by a layer of “cold” regolith. The central molten core is
surrounded by a solid/glass phase boundary. The insulation provided by this layer is enough to
protect the reactor walls and ensure semi-continuous MRE system operability.

A major drawback of a JHCW operation implemented with a MRE system is the difficulty
of processed metal removal. Aluminum products in the MRE furnace must be cyclically
removed to allow for further processing of regolith. For a non-JHCW operation, this extraction
could be done by physically tipping the furnace over and allowing the escape of molten metal.
However, the level of liquids in a JHCW-operated furnace must be carefully maintained to
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ensure system efficacy. A proposed alternative is the use of a mechanical siphon for extraction
of aluminum.

2.4.2 SACRIFICIAL ANODE FOR MRE SYSTEM LIFE EXTENSION

A sacrificial anode is used in a system in tandem with a non-sacrificial anode. A sacrificial
anode is composed of a highly active metal (“active metal”, defined as a metal with a greater
electrochemical potential than a less active metal) which experiences corrosion at a faster rate
than the non-sacrificial anode due to its differing properties for electrochemical potential [23].
The purpose of a sacrificial anode is to extend the life of the non-sacrificial anode by
“attracting” corrosion, decreasing corrosion of the non-sacrificial anode by some factor.

2.5 LUNAR CONDITIONS WHICH SUPPORT AND OPPOSE MRE USE

For an MRE system to be functional on the lunar surface as an ISRU resource, there
must exist power system stability on the lunar surface. This is defined as the property of a
power system that enables the system to remain in operating equilibrium under normal
operating conditions and to regain an acceptable state of equilibrium after being subjected to a
disturbance [24]. The regaining of power equilibrium is a significant factor for any electronics in
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use on the lunar surface. In lack of a lunar atmosphere, electromagnetic radiation (EMR) from
the Sun, especially during a particularly active solar flare, can directly penetrate and disrupt
electronics on the lunar surface. Moreover, as the Moon passes monthly through Earth’s
trailing magnetotail, static discharge builds up on the surface that can disturb electronics [25].
Several government and commercial organizations have proposed power solutions for the
Moon, ranging from solar to nuclear power. Whatever the source of power is, it must exist with
power system stability for MRE equipment to run semi-continuously.

In tandem with power system stability protecting continuous MRE operation, MRE
equipment should be secured within a lunar base. The ultrahigh vacuum lunar environment
would cause the containment and extraction of MRE system-produced oxygen to be more
difficult [26]. Ideally, an MRE system would be secured within an environment-controlled
section of a lunar base and cyclically operated by astronauts.
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COMMERCIAL TRANSPORT OF MRE EQUIPMENT

3.1 NASA COMMERCIAL LUNAR PAYLOAD SERVICES

In 2019, NASA began selecting commercial companies for Artemis mission partnership.
These companies were chosen for landing scientific payloads on the lunar surface. The
commercial lunar payload services (CLPS) program identified an initial nine companies in 2018
to have the right to bid on CLPS contracts [27]. Astrobotic Technology, Deep Space Systems,
Draper Laboratory, Firefly Aerospace, Intuitive Machines, Lockheed Martin Space, Masten
Space Systems, Moon Express, and Orbit Beyond comprised the original selected companies. In
2019, an additional five companies were chosen: Blue Origin, Ceres Robotics, Sierra Nevada
Corporation, SpaceX, and Tyvak Nano-Satellite Systems.

Below is a table of companies included in the NASA CLPS program which are potential
launch providers for MRE equipment to the lunar surface. Orbit Beyond, Inc. is not included
after notifying NASA in 2019 of an inability to timely complete the task order and withdrew its
proposal [28]. Sierra Nevada Corporation, Ceres Robotics, and Tyvak Nano-Satellite Systems,
Inc. are not presently included in the table due to the lack of public information concerning
vehicle type, supported payload, or estimated launch date. Companies with the first two pieces
of information publicly declared have been considered potential launch providers for analysis.
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Table 1: NASA CLPS Program Companies and Lunar Launch Vehicle Details
Company

Lander Vehicle
Name

Supported Payload
Mass (kg)

$ USD/kg

Current Estimated Vehicle Launch Date
(Metric of TRL)

Astrobotic Technology, Inc.

Griffin

475 kg

$4.5M/kg

2022

Blue Moon

6500 kg

(a)

2025 (b)

Small Lunar Lander
(SLL)

25 kg

--

2023

[29, 30, 31, 32]

Blue Origin
[33, 34, 35]

Deep Space Systems, Inc.
[36]

Draper
[37]

Firefly Aerospace, Inc.
[38, 39]

Intuitive Machines, LLC
[40, 41, 42]

Lockheed Martin Space
[43, 44, 45]

Masten Space Systems, Inc.
[46, 47, 48, 49]

Moon Express
[50]

Artemis-7

30 kg

--

(No vehicle launch date. NASA IDIQ contract with a
maximum ordering period through July 2026)

Blue Ghost

155 kg

(c)

2023

Nova-C

130 kg

(d)

2022

McCandless Lunar
Lander

1000 kg

--

--

XL-1

> 200 kg

$1.2M/kg

2023

MX-9 Frontier Class
Explorer

500 kg

--

--

$20 – 30
2025
USD/kg
(a) The $ USD/kg price for Blue Moon payload transport is not public, however, Blue Origin’s $5.9 billion USD proposal in 2020 was almost double the price of
SpaceX’s awarded $2.99 billion proposal [53]. The assumption made with this data is that the $ USD/kg price of Blue Moon transport will – to some degree – exceed
the $ USD/kg price of SpaceX Starship HLS transport.
(b) Blue Origin’s original estimated launch date of Blue Moon was in tandem with the original NASA Artemis mission goal of landing on the Moon in 2024. The latter
goal has now been set for 2025, so the launch date of Blue Moon in this table has also been set for 2025.
(c) The $ USD/kg price for Blue Ghost payload transport is not public. In February 2021, Firefly Aerospace received a $93.3 million USD contract from NASA to deliver
10 payloads to the lunar surface in 2023. [38, 39]
(d) The $ USD/kg price for Nova-C payload transport is not public. In November 2021, Intuitive Machines received its third and latest NASA contract, priced at $77.5
million USD, to deliver 4 payloads to the lunar surface sometime after the 2022 IM-1 mission. [40, 41, 42]
SpaceX
[51, 52]

Starship HLS

100,000 kg

3.2 SPACEX AS A VIABLE LAUNCH PROVIDER

Based on the maximum payload of each launch vehicle described above and an assumed
MRE equipment mass of 1,593 kg, two potential launch providers – Blue Origin and SpaceX –
have the physical capability of delivering MRE equipment to the lunar surface. Blue Origin and
SpaceX both intend on a lunar landing close to or in tandem with the timeline of NASA’s
Artemis III mission, planned for 2025. Thus, both launch providers allow for human support of
MRE equipment. Two specific factors set Blue Origin and SpaceX apart, however: the vehicle-to-

19

surface delivery of payloads and the launch costs. Both are discussed in the following two subsections.

3.2.1 PAYLOAD DELIVERY ON BLUE ORIGIN BLUE MOON VERSUS SPACEX STARSHIP
The Blue Moon cargo variant lander will sit several feet above the lunar surface but will
rely on a payload-lowering davit (crane-like) system to deliver large payloads to the lunar
surface [54]. The davit system can be customized for payload type, and Blue Origin states that
the system can deliver up to four large rovers onto the lunar surface simultaneously [55]. The
difficulty in evaluating Blue Moon for MRE equipment payload launch exists in the ambiguity
over whether or not the equipment mass can be supported by the davit system. In general,
lunar rovers benefit from minimizing mass to decrease required power input. For example, the
Apollo-era Lunar Roving Vehicle (LRV) had a mass of 210 kg [56]. The ability of Blue Moon to
support four large rovers simultaneously does not provide enough information for analysis of a
1,593 kg mass MRE system. More information is required of Blue Moon’s cargo systems to
make an accurate prediction of whether the vehicle can support MRE equipment.

Fewer specifics are available for how Starship will deploy large payloads on the lunar
surface, but a graphic included in the SpaceX-released Starship Users Guide suggests that an
external elevator system will deploy payloads to the surface. This system – depicted in Image 5
– is less specialized than the Blue Moon cargo variant lander. This is to the benefit of a firm
20

operating MRE, as the mass capacity of deployment to the lunar surface is not confined to
comparison of rover payload deployment.

Image 5: SpaceX Starship on the Lunar Surface with Payload Deployment System [51]

3.2.2 COST ANALYSIS FOR BLUE ORIGIN VERSUS SPACEX

Blue Origin’s Blue Moon lander is equipped to launch on its in-house New Glenn rocket
or on United Launch Alliance’s Vulcan Centaur rocket. Both launch vehicles are still in
development, although historical costs for Blue Origin’s New Shepard launch vehicle – which
has successfully completed 18 launches as of November 2021 – are available. Blue Origin carries
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approximately 11.3 kg of payload to a suborbital flight for $100,000 USD. This pricing settles to
~$8,850 USD/kg of payload. Blue Origin offers pricing as low as $8,000 total cost for smaller,
student payloads [57]. The lower price, however, is not extended to the general public.
Although direct comparison of the New Shepard payload cost to the Blue Moon/New Glenn
payload cost cannot be made due to vehicle differences in cost and functionality, the available
information does indicate that Blue Origin’s New Shepard payload $ USD/kg exceeds the
payload $ USD/kg of SpaceX’s Falcon 9. It is perhaps possible to assume that the $ USD/kg Blue
Moon cost will exceed the $ USD/kg SpaceX Starship cost due to company historical market
price positioning. Further analysis regarding SpaceX payload costs is provided below.

Elon Musk has repeatedly pitched Space’s Starship vehicle as one day capable of
delivering payloads to the lunar surface for $20 to $30 USD/kg [58]. Even if this payload price
goal is eventually reached, a reasonable assumption can be made – due to early inefficiencies
that exist with advanced technology – that this target customer price will not be the initially
offered price. Below is a cost analysis of the historical initial $ USD/kg of payload pitched to
customers by SpaceX and/or Elon Musk for Falcon 9 and Falcon Heavy launch vehicles versus
the current prices offered to customers.

Table 2: Historical Analysis of SpaceX Proposed Versus Actual Payload Costs
SpaceX Vehicle

SpaceX Vehicle
Cost Pitch to
U.S. Congress
2004 [59]

∆ Percent
Price Change
Between 2004
Goal and 2016

∆ Percent Price
Change Between
2011 and 2016

∆ Percent
Price Change
Between 2016
and 2021

Falcon 9

$1,100 USD/kg

$2,720 USD/kg

∆ 84.82%

∆ 47.39
− 83.44%

∆ 0%

Falcon Heavy
$1,100 USD/kg
-$2,350 USD/kg
$2,350 USD/kg
(a) All prices for $ USD/kg are provided for missions to LEO.
(b) SpaceX advertised $2,000 - $3,000 USD/lb launch price in 2011. Units have been converted to kg.

∆ 72.46%

--

∆ 0%

2011 $ USD/kg [60]

2016 $ USD/kg

2021 $ USD/kg

(a)

[61] (a)

[62] (a)

$4,409.24 $6,613.86 USD/kg

$2,720 USD/kg

(a)
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FINANCIAL ANALYSIS
4.1 MRE EQUIPMENT COST

Costs for MRE equipment are difficult to retrieve within the industry. Not only is molten
regolith electrolysis a niche subset of the ISRU industry; many of the MRE models have been
crafted without use of the physical equipment. For this reason, the advanced missions cost
model (AMCM), frequently used in industry to retrieve quick turnaround, rough-order-ofmagnitude estimation of development and production costs of spacecraft, was primarily relied
upon for MRE cost analysis. For a system of 3512 lbs. (1593 kg converted for the AMCM), a
“Spacecraft – Physics & Astronomy” mission type, and an initial operating capability (IOC) year
of 2025, the total cost was calculated at $634 million USD [63].

4.1.1 LIFESPAN AND DEPRECIATION OF MRE EQUIPMENT

The assumption for the lifespan of MRE equipment is estimated at approximately 10
years for analysis. To defer tax obligations and recoup significant original investment costs, the
MRE-investing firm can depreciate equipment costs with the double-declining balance (DDB)
method on the firm’s income statement. The DDB method assumes that the equipment will
experience greater wear and tear – thus, declining at a faster rate – across the initial few years
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of the equipment lifespan. The higher depreciation expense in the early years will be deducted
from net profits of the MRE products (oxygen, aluminum, silicon, etc.) sold by the firm. The DDB
methodology will allow the MRE-operating firm to defer tax obligations into future years, when
equipment processing on the lunar surface is greater understood and standardized for profit.
Money saved in committing to the DDB method will help recoup the significant investment
costs of an estimated $634 million USD. A depreciation chart for the DDB method is shown
below in Table 3. An overly conservative estimated MRE equipment salvage value of $5,000
USD was assumed for this analysis.

Table 3: Double Declining Balance Depreciation Expense for MRE Equipment
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4.2 CUSTOMERS OF EXTRACTED OXYGEN
Each International Space Station astronaut consumes ~0.84 kg of oxygen per day [64].
Extrapolating this need to a lunar base habitat of 20 people, the base would require ~16.8 kg of
oxygen supply per day or ~6,132 kg of oxygen supply per year per individual. The below cost
estimates are provided for the least conservative conditions – Elon Musk’s idealized goal of
SpaceX Starship carrying payloads to the lunar surface for $20 to $30 USD/kg, which is currently
the lowest proposed cost across the industry – to demonstrate the minimum financial
implications of carrying annual oxygen supply to the lunar surface. Columns are also included
for carrying an additional six-month supply to the lunar surface to account for potential mission
delays.
Table 3: Annual Oxygen Costs for Lunar Base Inhabitants
Number of Lunar Base
Inhabitants

4 Lunar Inhabitants
(Artemis III)
10 Lunar Inhabitants
20 Lunar Inhabitants

Cost of Annual Oxygen
Payload at $30/kg to
the Lunar Surface
(USD)

Cost of Oxygen
Payload at $30/kg
to the Lunar
Surface with
Additional SixMonth Supply
(USD)

Required Annual Oxygen
Support (~6,132
kg/person) (kg)

Cost of Annual Oxygen
Payload at $20/kg to
Lunar Surface (USD)

Cost of Oxygen
Payload at $20/kg to
the Lunar Surface
with Additional SixMonth Supply (a)
(USD)

24,528 kg (b)

$490,560 USD (c)

$736,512 USD (d)

$735,840 USD (e)

$1,104,768 USD (f)

61,320 kg (g)
122,640 kg (l)

$1,226,400 USD (h)
$2,452,800 USD (m)

$1,841,280 USD (i)
$3,682,560 USD (n)

$1,839,600 USD (j)
$3,679,200 USD (o)

$2,761,920 USD (k)
$5,523,840 USD (p)

(a) “six-month supply” defined as additional 183 days of oxygen supply
(b) 4 lunar base inhabitants x 6132 kg oxygen/person/year = 24,528 kg
(c) 24528 kg x $20/kg to lunar surface = $490,560 USD
(d) 183 additional days x 16.8 kg/person/day = 3,074.4 kg
3074.4 kg x 4 lunar base inhabitants = 12,297.6 kg
24528 kg + 12297.6 kg = 36,825.6 kg
36825.6 kg x $20/kg to lunar surface = $736,512 USD
(e) 24528 kg x $30/kg to lunar surface = $735,840 USD
(f) 183 additional days x 16.8 kg/person/day = 3074.4 kg
3074.4 kg x 4 lunar base inhabitants = 12,297.6 kg
24528 kg + 12297.6 kg = 36,825.6 kg
36825.6 kg x $30/kg to lunar surface = $1,104,768 USD
(g) 10 lunar base inhabitants x 6132 kg oxygen/person/year = 61,320 kg
(h) 61320 kg x $20/kg to lunar surface = $1,226,400 USD
(i) 183 additional days x 16.8 kg/person/day = 3074.4 kg
3074.4 kg x 10 lunar base inhabitants = 30,744 kg
61320 kg + 30744 kg = 92,064 kg
92064 kg x $20/kg to lunar surface = $1,841,280 USD
(j) 61320 kg x $30/kg to lunar surface = $1,839,600 USD
(k) 183 additional days x 16.8 kg/person/day = 3074.4 kg
3074.4 kg x 10 lunar base inhabitants = 30,744 kg
61320 kg + 30744 kg = 92,064 kg
92064 kg x $30/kg to lunar surface = $2,761,920 USD
(l) 20 lunar base inhabitants x 6132 kg oxygen/person/year = 122,640 kg
(m) 122640 x $20/kg to lunar surface = $2,452,800 USD
(n) 183 additional days x 16.8 kg/person/day = 3074.4 kg
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3074.4 kg x 20 lunar base inhabitants = 61,488 kg
122640 kg + 61488 kg = 184,128 kg
184128 kg x $20/kg to lunar surface = $3,682,560 USD
(o) 122640 kg x $30/kg to lunar surface = $3,679,200 USD
(p) 183 additional days x 16.8 kg/person/day = 3074.4 kg
3074.4 kg x 20 lunar base inhabitants = 61,488 kg
122640 kg + 61488 kg = 184,128 kg
184128 kg x $30/kg to lunar surface = $5,523,840 USD

The above financial analysis shows the exorbitant cost of carrying oxygen to the lunar
surface annually for mission life support. For an incremental payload cost increase of ∆$10,
costs of carrying the annual oxygen supply to the lunar surface increase by 50%. As mentioned,
the analysis was completed with the lowest potential costs per kg payload figures provided by
private industry. Thus, costs included above are expected to greatly undercut true figures. This
financial baseline provided does, however, bolster the argument for ISRU of oxygen to
significantly lower mission costs. Overall, NASA and private domestic entities – as well as
foreign entities – are potential customers of MRE-extracted oxygen to both reduce or eliminate
payload costs while ensuring the security of astronaut life-support systems.

4.3 CUSTOMERS OF EXTRACTED ALUMINUM

Spacecraft structures are typically composed of aluminum or aluminum-alloy materials
due to the lightweight, sturdy nature of aluminum. The simplest argument for lunar surface
manufacturing of aluminum via MRE again calls to attention the price/kg of launching payload.
However, for the customer to receive economic value in purchasing lunar aluminum, the price
pitched by any firm operating MRE must not exceed the terrestrial purchase price of aluminum
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and any casting/processing costs affiliated plus the $ USD/kg of payload transfer to the Moon.
Potential bulk purchasing of terrestrial aluminum by the prospective customer firm to lower
cost must be taken into consideration for any lunar aluminum pricing analyses completed, as
well as terrestrial delivery costs of aluminum to the customer.

In addition to the price/kg payload argument for lunar aluminum, the complexity and
fragility of space hardware-based aluminum components suggests a need for lunar
manufacturing of aluminum. While in spaceflight, the possibility exists for thin aluminum
components, as well as those required to fit specific size parameters or components shocksensitive, to warp enough to limit or altogether prevent intended usage on the lunar surface.
These components may be involved in scientific hardware developed with significant time and
financial investments. By manufacturing sensitive components on the lunar surface, risk of
hardware failure is mitigated. Moreover, aluminum components damaged by the harsh lunar
conditions can be reproduced on the Moon, extending equipment life.

The customer market for aluminum extends beyond launch and scientific equipment
providers; as a recyclable material used frequently for Earth-based consumables such as food,
or incorporated within domestic and personal tech goods, aluminum is a flexible-use material
for many applications.

27

4.3.1 STATE OF MRE-PROCESSED ALUMINUM
Aluminum products of MRE will initially exist in molten liquid state. The melting point of
aluminum is 933.5 K, less than the operating temperature of MRE processing. The general
chemical formula for MRE-process of metals is depicted below, where M indicates a metal:
𝑥
𝑀𝑂$(') → [𝑀"$) ] + 𝑂"(*) + 2𝑥𝑒 +
2
Aluminum sheets can be crafted from MRE-processed aluminum from a molten state. From
these sheets, customers can craft aluminum to fit particular needs.

For the aluminum sheet-crafting process, molten aluminum is initially poured into casts
for aluminum sheets and plates [65]. The sheet ingots or slabs are smoothed, heated to
approximately 673.15 K, and rolled through a machine to produce thin sheets of metal. This is
called a hot rolling process. The sheets are then rolled into coils for storage, or flattened into
specific, customer-defined thicknesses during a cold rolling process. If necessary, aluminum
surface treatments can be applied at this stage. This manufacturing process is generalized but,
if aluminum customers are identified prior to batch processing and either the MRE-processor or
the customer is capable of providing a specific aluminum cast, the aluminum can be molded
immediately following MRE-process to fit specific use.
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4.4 CUSTOMERS OF EXTRACTED SILICON

Silicon is a component of a wide variety of products, including for low-complexity
construction materials – such as ceramics and bricks – as well as high-complexity technology,
including computers and solar panels. Primary customers include solar cell operators on the
lunar surface. This class of primary customers is defined based on higher profit margin
implications that assist the firm in research and development cost recoup. Silicon is the most
common semiconductor material used in solar cells, providing high efficiency factors and
significant longevity. Power supply on the lunar surface will likely need to be supplemented by
several different sources, including nuclear power and solar cells [66]. This allows for power
system redundancy, a necessity for human life support systems.

4.4.1 STATE OF MRE-PROCESSED SILICON

Silicon products of MRE will also initially exist in molten liquid state.
𝑆𝑖𝑂"(') + 4𝑒 + → 𝑆𝑖(') + 2[𝑂+" ]
Pure silicon processed by MRE and cooled down to form an ingot can easily be molded into
silicon wafers for computer chips or for components of solar cells [67].
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CONCLUSION
In-situ resource utilization on the lunar surface contains significant implications for the
next era of lunar astronauts, including NASA Artemis mission astronauts, through the supply of
oxygen for life support systems and the supply of aluminum and silicon for various hardware.
Not only does self-sufficiency increase crew efficiency on the lunar surface in not having to rely
on Earth-Moon equipment/materials transport, but $ USD/kg of launch vehicle payload cost is
minimized. The alternative approach of governments and firms paying higher payload costs
forces opportunity costs in the form of other scientific payloads not receiving funding.

Molten regolith electrolysis is a viable process by which to separate lunar oxygen and
metals, for which a parametric sizing model exists. A 1,593 kg setup of MRE equipment
operating at T > 2000 K is hypothesized to produce 10,000 kg of oxygen, 7,500 kg of aluminum,
and 5,100 kg of silicon annually. The SpaceX Starship launch vehicle has the physical and
financial advantage to carry this MRE equipment to the lunar surface. Starship has the payload
size capability to launch approximately 100,000 kg to the lunar surface. The proposed $ USD/kg
of payload cost for SpaceX Starship has been marketed at $20-30/kg. Although this is a
hypothetical cost – and perhaps too bold of a proposed cost for SpaceX to make public, in
comparison to the historical $ USD/kg costs for launch vehicles – SpaceX has continued to serve
as the low-cost launch provider within the aerospace industry. Thus, SpaceX should be chosen
to support MRE equipment transport.
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